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Abstract

Different sugars, Gal, GalNAc and Man were docked at the monosaccharide binding sites of Erythrina corallodenron (EcorL),
peanut lectin (PNA), Lathyrus ochrus (LOLI), and pea lectin (PSL). To study the lectin-carbohydrate interactions, in the
complexes, the hydroxymethyl group in Man and Gal favors, gg and gt conformations respectively, and is the dominant
recognition determination. The monosaccharide binding site in lectins that are specific to Gal/GalNAc is wider due to the
additional amino acid residues in loop D as compared to that in lectins specific to Man/Glc, and affects the hydrogen bonds of
the sugar involving residues from loop D, but not its orientation in the binding site. The invariant amino acid residues Asp from
loop A, and Asn and an aromatic residue (Phe or Tyr) in loop C provides the basic architecture to recognize the common features
in C4 epimers. The invariant Gly in loop B together with one or two residues in the variable region of loop D/A holds the sugar
tightly at both ends. Loss of any one of these hydrogen bonds leads to weak interaction. While the subtle variations in the
sequence and conformation of peptide fragment that resulted due to the size and location of gaps present in amino acid sequence
in the neighborhood of the sugar binding site of loop D/A seems to discriminate the binding of sugars which differ at C4 atom
(galacto and gluco configurations). The variations at loop B are important in discriminating Gal and GalNAc binding. The
present study thus provides a structural basis for the observed specificities of legume lectins which uses the same four invariant
residues for binding. These studies also bring out the information that is important for the design/engineering of proteins with the
desired carbohydrate specificity. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Molecular modeling; Legume lectins; Binding specificity

1. Introduction

The discovery of the role of carbohydrates in
biological recognition and adhesion process has
generated a lot of interest [1]. The studies at the
molecular level are of utmost importance in under-
standing the cellular recognition and other pro-
cesses in biology. Lectin-carbohydrate interactions
have been shown to be involved in a variety of
biological processes including mediation of cellular

interactions [2]. Lectins of the legume family con-
stitute a large family of homologous proteins and
exhibit remarkable divergence in their carbohy-
drate specificity due to their ability to detect subtle
variation in the structure of carbohydrates. Their
broad distribution and ease of isolation [3],
have been particularly useful in the study of
oligosaccharide based molecular recognition pro-
cess.

Recently, the three dimensional structures of
some legume lectins have been determined by X-
ray diffraction studies and have been reviewed by
Weis and Drickamer [4]. They include con-
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canavalin A (Con A) [5], pea lectin (PSL) [6], favin
[7], isolectin I from Lathyrusochrus (LOLI) [8],
lectin IV from Griffonia-Simplicifolia (GS4) [9],
lectin from Erythrina corallodenron (EcorL) [3],
lentil lectin [10], soybean agglutinin (SBA) [11],
and peanut lectin (PNA) [12]. X-ray crystallo-
graphic studies have revealed certain characteristic
features of the carbohydrate binding site which are
independent of their specificities. A specific
monosaccharide binds in a narrow cleft on the
protein surface which is constituted by residues
from four loops A, B, C, and D (Fig. 1a and 1b).
These loops are close in the three-dimensional
structure, but not in sequence. The invariant
residues Asp in loop A, Gly in loop B, Asn in loop
C, and an aromatic residue Phe or Tyr also in
loop C, interact with the ligand independent of its
configuration at C4 atom. From mutational stud-
ies, three residues, Asp, Asn, and an aromatic
residue have also been identified to be essential for
ligand binding irrespective of their specificity [13].
Among the four loops that are involved in the
carbohydrate binding, loop D is highly variable in
terms of length and sequence. Usually one or two
amino acid residues in this loop interact with the
ligand, but the residue(s) involved in binding
varies from lectin to lectin. The length of loop D
in Gal/GalNAc specific proteins is longer as com-
pared to that in Man/Glc specific lectins. It was
therefore concluded that the size of this loop is a
primary determinant for the carbohydrate specific-
ity of legume lectins [14]. From the mutational
studies on EcorL (specific to Gal/GalNAc), Adar
and Sharon [13] concluded that of the two residues
Ala 218 and Gln 219 in loop D, implicated in
carbohydrate binding from X-ray crystallographic
studies, the latter is not involved in binding in
solution. Furthermore, they concluded that it is
not due to Ala 218 in loop D that Man/Glc
doesn’t bind to EcorL, an assumption that was
based on X-ray crystallographic and modeling
studies [3]. Hence it is not clear what determines
the specificity among legume lectins. Therefore, an
attempt has been made to model the binding of
Gal, GalNAc and Man with EcorL and PNA, and
Man and Gal with LOLI and PSL to determine
the structural basis of the sugar binding specific-
ities of legume lectins. Such information helps to
understand the architecture of the sugar binding
site in legume lectins, which uses the same invari-
ant residues to bind and yet maintain their specifi-
city. This information is also useful to

design/engineer proteins with the desired sugar
specificity.

2. Results and discussion

Superposition of sugar binding sites of EcorL,
PNA, LOLI, and PSL (Fig. 2) show that the
invariant amino acids Asp 89, Gly 107, and Asn
133 and the aromatic residue Phe 131 or Tyr, in A,
B, and C loops of the lectins as seen in Fig. 2,
nearly occupy identical positions independent of
their sugar specificity. The residue numbering cor-
respond to the EcorL sequence. Hence, in docking
studies, each sugar was initially placed at this site
and the energy of the complex was minimized by
the procedure described in the methodology sec-
tion to obtain the best possible orientation of the
ligand.

2.1. Complexes of EcorL with b-D-Gal,
b-D-GalNAc and a-D-Man

The stereo views of the complexes of EcorL
with b-D-Gal, and b-D-GalNAc are displayed in
Fig. 3. The possible hydrogen bonds between the
protein and the sugar are listed in Table 1.

In EcorL-Gal complex Asp 89 in loop A forms
hydrogen bonds with C3–OH and C4–OH hy-
droxyls of the sugar. C3–OH hydroxyl also forms
hydrogen bonds with the backbone NH of Gly
107 in loop B and with side chain of Asn 133 in
loop C (Table 1). Asn 133 also forms a hydrogen
bond with C2–OH hydroxyl group. From loop D,
Ala 218 and Gln 219 form hydrogen bonds with
C4–OH and C6–OH hydroxyl groups, respec-
tively. Phe 131 from loop C faces the edge of the
sugar having atoms C3–H, C4–H, C5–H, and
C6–H2 leading to hydrophobic interactions (Fig.
3). Tyr 106 which has been implicated in sugar
binding from X-ray crystallographic studies on
lactose complex is placed far away from sugar and
is not involved in any interactions with sugar (Fig.
3), which is consistent with the recent mutational
studies [13]. The structure of EcorL-lactose com-
plex is known [3], but the EcorL-Gal complex
structure has not been reported, except for the
hydrogen bond between Asn 133 and O2, all the
hydrogen bonds and hydrophobic interactions
possible between the Gal residue of lactose and
EcorL have been observed in the complex. This
suggests that the favored orientation of Gal



V
.S

.R
.

R
ao

et
al./

International
Journal

of
B

iological
M

acrom
olecules

23
(1998)

295
–

307
297

Fig. 1. (a) The structure-based alignment of the sequences in Ecorl, PNA, LOLI and PSL. The loop A, B, C and D is represented as green, cyan, orange, and red, respectively.
(b) The sugar binding cleft of LOLI-Gal complex, the loops A, B, C and D indicate the loops involved in the sugar binding.
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Fig. 2. The stereoview of the superimposition of the amino acid residues involved in the sugar binding. The amino acid sequence
numbering corresponds to EcorL. EcorL residues are shown as orange, LOLI as blue, PNA as green, and PSL as red.
Fig. 3. The superimposition of the carbohydrate binding region of Ecorl in complex with sugars; EcorL (blue)-Gal (green) and
EcorL (pink)-GalNAc (red).
Fig. 4. The superimposition of the carbohydrate binding region of Ecorl in complex with sugars; EcorL (blue)-Gal (green) and
EcorL (pink)-Man (red).
Fig. 5. The superimposition of the carbohydrate binding region of Ecorl and PNA in complex with sugars; EcorL (blue)-Gal
(green) and PNA (pink)-Gal (red).

residue in lactose-EcorL complex is not signifi-
cantly influenced by Glc residue of lactose.

All the possible hydrogen bonds that are ob-
served in EcorL-Gal complex are also possible in
the modeled EcorL-GalNAc complex except the
one between Asn 133 and O2. The Phe 131 and
Ala 88 are placed below the pyranose ring and
close to C6-H2 group, respectively, leading to
hydrophobic interactions (Fig. 3). The N-ac-
etamido group at C2 atom of GalNAc is not
involved in any interactions with the lectin. In
EcorL-Gal and EcorL-GalNAc complexes, the

CH2OH group of the sugar favors a gt
conformation.

In the modeled EcorL-Man complex, the orien-
tation and position of the sugar ring is different
than in the EcorL-Gal complex (Fig. 4). The pyra-
nose ring rotates in the binding site so that its
hydroxyl groups C6–OH and C4–OH form hy-
drogen bonds with Asp 89. Asn 133 forms hydro-
gen bonds with C4–OH and C3–OH hydroxyl
groups. Ala 218 and Gln 219 from loop D form
hydrogen bonds with C6–OH hydroxyl group and
O-5 atom, respectively. Phe 131 is placed below
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Table 1
Comparison of the possible hydrogen bonding between monosaccharide (Gal, GalNAc and Man) in the structure EcorL-sugar
complexes

ManGalNAcGroup Gal

O2 HD22 Asn 133 (2.4; 140)
O2H

HN Gly 107 (2.1; 131)HN Gly 107 (2.1; 130)O3
HD22 Asn 133 (2.0; 170)HD22 Asn 133 (2.1; 139)
OD1 Asp 89 (1.9; 171) ND2 Asn 133 (2.2; 142)O3H OD1 Asp 89 (1.8; 167)

HN Ala 218 (2.1; 157) HN Ala 218 (1.9; 156)O4 HD22 Asn 133 (2.1; 149)
OD2 Asp 89 (1.8; 155) OD2 Asp 89 (1.8; 155)O4H OD1 Asp 89 (2.0; 139)

OD2 Asp 89 (2.0; 152)
HE21 Gln 219 (2.3; 122)O5

HE21 Gln 219 (1.8; 167) HE21 Gln 219 (2.2; 155)O6 HN Ala 218 (1.8; 165)
O6H OD2 Asp 89 (1.7; 161)
N
NH
O7
Docking

468 509Scorea 453
−30.56 −37.01 −25.93DEb (kcal/mol)

—2.1390.85I50 inhibitionc 5.7090.52

In parentheses the distance between the hydrogen and the acceptor atom is given in Å, followed by the angle between the
hydrogen donor atom, the hydrogen and the acceptor atom in (°). The ‘OD’, ‘ND’ and ‘HE’ refer to ‘O delta’, ‘N delta’ and ‘H
epsilon’, respectively.
a The data was measured as the docking of the sugar molecule in the combination site of protein which includes some water
molecules observed in the crystal structure of EcorL-lactose complex.
b DE=E(P.L)−E(P)−E(L): E(P.L) represents the potential energy of the complex, E(P) and E(L) represent the potential energy for
protein and ligand, respectively.
I50, concentration (mM) required for 50% inhibition of the binding of the lectin to asialofetuin [19].

the ring leading to hydrophobic interactions. The
hydrogen bond between the sugar and the NH of
Gly 107 (loop B), the residue which is generally
observed in all the legume lectins, is not possible
and this may lead to weak binding. These results
suggest that Ala 218 is not the one that is respon-
sible for the inability of EcorL to interact to Man.
This is in disagreement with the conclusions drawn
from the X-ray crystallographic and modeling
studies of Shaanan et al. [3], but supports the
conclusions drawn from mutational studies. In this
mode of binding, CH2OH group favors a gg con-
formation. Docking score and binding energy,
which are the measure of the formation of the
complex, are high for GalNAc complex and low
for Gal complex which explains the higher affinity
of EcorL to GalNAc [19].

2.2. Complexes of PNA with Gal, GalNAc and
Man

Peanut lectin (PNA) binds specifically to Gal.
The three dimensional structure of PNA with lac-

tose was determined at 2.25 Å resolution [12].
However, the structure of complexes of PNA with
Gal, GalNAc, or Man have not been reported. In
the modeled PNA-Gal complex, as in EcorL-Gal
complex, the most important hydrogen bonds be-
tween Gal and Asp 83 from loop A, Gly 104 from
loop B, and Asn 127 from loop C have been
retained (Table 1, Table 2). The Tyr 125 stacks
against the hydrophobic patch (C–4H, C–5H and
C6–H2). In the sequence alignment, there is a gap
in loop D in PNA corresponding to Ala 218 in
EcorL (Fig. 1a), which causes conformational dif-
ference at this region. Hence the side chain of the
next residue Ser 211 interacts with the sugar rather
than the backbone of the peptide. The Ser 211
from loop D forms hydrogen bonds with the ring
oxygen (O–5 atom) and C4–OH hydroxyl group.
The C6–OH hydroxyl group forms a hydrogen
bond with Asp 80 in loop A, unlike in EcorL
where it forms a hydrogen bond with Gln 219 in
loop D. Except for the hydrogen bond between
Asn 127 and the hydroxyl group at C-2 atom of
the sugar, the rest of the interactions predicted
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Table 2
Comparison of the possible hydrogen bonding between monosaccharide (Gal, GalNAc and Man) in the structure PNA-sugar
complexes

ManGalNAcGroup Gal

O2 HD22 Asn 127 (2.1; 126)
O2H

HN Gly 104 (2.3; 139)HN Gly 104 (2.4; 121)O3 HN Gly 104 (2.0; 160)
HD22 Asn 127 (2.1; 138) HD22 Asn 127 (2.4; 145)HD22 Asn 127 (2.1; 129)
OD1 Asp 83 (1.9; 150)O3H OD1 Asp 83 (1.8; 144)

HG Ser 211 (2.2; 121) HG Ser 211 (2.0; 136)O4 HD22 Asn 127 (2.2; 140)
OD2 Asp 83 (1.8; 157) OD2 Asp 83 (1.8; 153)O4H OD1 Asp 83 (1.8; 158)

OD2 Asp 83 (2.3; 125)
HG Ser 211 (2.1; 130)HG Ser 211 (2.1; 135)O5 HG Ser 211 (2.1; 149)

HG Ser 211 (1.8; 157)O6
OD2 Asp 80 (1.7; 172) OD2 Asp 83 (1.7; 170)O6H

N
NH
O7
Docking

450 389Scorea 575
DEb (kcal/mol) −38.83 −27.01−32.28

In parentheses the distance between the hydrogen and the acceptor atom is given in Å, followed by the angle between the
hydrogen donor atom, the hydrogen and the acceptor atom in (°). The ‘OD’, ‘ND’ and ‘HG’ refer to ‘O delta’, ‘N delta’ and ‘H
gama’, respectively.
a The data was measured as the docking of the sugar molecule in the combination site of protein which includes some water
molecules observed in the crystal structure of PNA-lactose complex.
b DE=E(P.L)−E(P)−E(L): E(P.L) represents the potential energy of the complex, E(P) and E(L) represent the potential energy for
protein and ligand, respectively.

here are as observed with the Gal moiety of lac-
tose in the crystal structure of PNA-lactose com-
plex [12].

Superposition of regions near the sugar binding
site in PNA-Gal and EcorL-Gal complexes (Fig.
5) reveal that Gal favors almost identical position
and orientation in both the complexes. The possi-
ble hydrogen bonds with the invariant residues
remain the same, but with the variable residues in
loops A and D it may vary. In EcorL, Ala 218 and
Gln 219 (loop D) form hydrogen bonds with
C4–OH and C6–OH hydroxyl groups, respec-
tively. In PNA, due to the reasons mentioned
earlier the side chain of Ser 211 in loop D forms
hydrogen bonds with C4–OH and O-5 atom of
galactose. Fig. 5 shows that the side chains of Asp
80 (in PNA) and Gln 219 (in EcorL) are placed on
either side of the C6–OH hydroxyl group, and are
within the hydrogen-bonding distance. Hence, it is
not surprising that C6–OH hydroxyl group forms
a hydrogen bond with Asp 80 in loop A of PNA
and with Gln 219 in loop D of EcorL, although
the two residues are not at equivalent position in
their sequence of the two proteins. These results

suggest that Gal in PNA forms a hydrogen bond
to Asp 80 in loop A due to the lack of a polar
residue at the equivalent position in loop D, but
not due to shorter loop D as suggested from
sequence analysis [14]. This indicates that varia-
tions in sequences and conformation of loops A
and D account for the differences in the hydrogen
bond schemes in PNA-Gal and EcorL-Gal com-
plexes. It is interesting to note that in SBA-Gal
complex the C6–OH hydroxyl group forms hydro-
gen bonds with Arg 85 in loop A and with Asp
215 in loop D [15].

Although GalNAc and Gal bind to EcorL in a
similar way, they, however, bind differently to
PNA. Hydrogen bonds between Asp 83 and hy-
droxyl groups at C3 and C4 atoms of the sugar,
and also the stacking interactions between Tyr 125
and the edge of the sugar ring remain the same for
the two proteins. Hydrogen bond distances with
Asn 127 and Gly 104 though possible, are larger
than usual. The most significant difference seems
to be the loss of hydrogen bond between Asp 80
and C6–OH hydroxyl group and an additional
hydrophobic interaction between Ile 101 in loop B
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Fig. 6. The superimposition of the carbohydrate binding region of PNA complex with sugars; PNA (blue)-Gal (green) and PNA
(pink)-GalNAc (red).
Fig. 7. The superimposition of the carbohydrate binding region of PNA complex with sugars; PNA (blue)-Gal (green) and PNA
(pink)-Man (red).
Fig. 8. The superimposition of the carbohydrate binding region of LOLI complex with sugar; LOLI (blue)-Gal (green) and LOLI
(pink)-Man (red).
Fig. 9. The superimposition of the carbohydrate binding region of PSLcomplex with sugars; PSL (blue)-Gal (green) and PSL
(pink)-Man (red).

and the acetamide group of GalNAc (Fig. 6). This
additional hydrophobic interaction seems to drive
the GalNAc to a position where the C3–OH
cannot form strong hydrogen bonds with Gly 104
and Asn 217, which also results in the loss of
hydrogen bond of C6–OH hydroxyl with the side
chain of Asp 80. Our observation is in disagree-
ment with the conclusions drawn [14], based on

sequence analysis and interpreted as the inability
of PNA to bind GalNAc due to longer loop C as
compared to those lectins which bind GalNAc.

In PNA-Man complex, the position and orienta-
tion of the sugar is different from that in PNA-
Gal complex (Fig. 7). The pyranose ring rotates in
the binding site so that Asp 83 in loop A now
interacts with C6–OH and C4–OH hydroxyl
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groups. Asn 127 in loop C forms a hydrogen bond
with C4–OH hydroxyl group. Ser 211 in loop D is
placed close to O-5 atom and C6–OH hydroxyl
group within the hydrogen bonding distance. Tyr
125 from loop C also stacks against C6–H2 and
C5–H groups. But Asp 80 in loop A does not
form a hydrogen bond with C6-OH hydroxyl
group. Among the three complexes, the docking
score and bind energy are high for PNA-Gal
complex and low for PNA-GalNAc complex pre-
dicting the specificity of PNA for Gal which is in
agreement with the experimental observation [16].

2.3. Complexes of LOLI and PSL with Man and
Gal—both these lectins are specific for Man/Glc

High resolution X-ray structures of LOLI with
a-1-methylmanoside (a-Me-Man) tri- and octosac-
charides have been reported [8]. The crystal struc-
ture of PSL complexed with methyl
3,6-di-O(a -D-mannopyranosyl)-a -D-mannopyra-
noside was solved at 2.6 Å resolution [6]. Strong
electron density is observed for a single residue
indicating that the trisaccharide binds mainly
through one of the terminal a-linked mannose
residue. The hydrogen bonds, and other interac-
tions between PSL and Man, agree with those
predicted by docking studies between PSL and
a-MeGlc [17]. In the present study, both Man and
Gal are docked at the monosaccharide binding
sites of LOLI and PSL as identified by X-ray
crystallographic studies. Man forms hydrogen
bonds with almost equivalent amino acids in its
complexes with LOLI and PSL (Tables 3 and 4).
In both the complexes, the aromatic residue stacks
against C5–H and C6–H2 below the pyranose
ring (Figs. 8 and 9). The predicted hydrogen bond-
ing scheme and the stacking interaction between
Man and LOLI or PSL are as observed in the
crystal structures of the complexes, between the
sugar and these lectins at the monosaccharide
binding site except the hydrogen bond between
NH of Ala (Ala 210 and 217, respectively, in
LOLI and PSL) and C6–OH hydroxyl group.

In the cases described above, Gal binds in an
orientation different from that of Man (Figs. 8
and 9). In the monosaccharide binding sites of
LOLI or PSL, the pyranose ring of Gal rotates
such that its hydroxyl groups at C-3 and C-4 form
hydrogen bonds with Asp 81 in loop A. In this
mode of binding, the CH2OH group of Gal moves

away from the peptide backbone at loop D, and
thus cannot form hydrogen bonds with NH of Ala
210 and Glu 211 as observed in the Man-LOLI
complex (Ala 217 and Glu 218 in PSL). Instead, in
LOL1 a hydrogen bond between the side chain of
Glu 211 in (Glu 218 in PSL) and C6–OH hy-
droxyl group is possible. The hydroxymethyl
group favors gg and gt conformations in Man and
Gal complexes with LOLI and PSL, respectively,
just as in EcorL and PNA complexes. The docking
score and binding energy are high for the Man
complexes compared to their respective Gal com-

Table 3
Comparison of the possible hydrogen bonding between
monosaccharide (Gal, GalNAc and Man) in the structure
LOLI-sugar complexes

Group ManGal
O2
O2H

HN Gly 99 (2.2; HN Gly 99 (2.2; 170)O3
140)
HD22 Asn 125
(2.2; 174)
OD1 Asp 81 (1.8;O3H
143)

O4 HD22 Asn 125 (2.3;
152)
OD1 Asp 81 (1.8;O4H OD1 Asp 81 (1.9;

150) 146)
OD2 Asp 81 (2.2;
137)

O5 HN Ala 210 (2.2;
146)
HN Ala 210 (2.0;O6
130)
HN Glu 211 (2.0;
167)

OE2 Glu 211 (1.7;O6H OD2 Asp 81 (1.7;
167) 171)

Docking
473436Scorea

−23.46DEb (kcal/ −27.55
mol)

In parentheses the distance between the hydrogen and the
acceptor atom is given in Å, followed by the angle between
the hydrogen donor atom, the hydrogen and the acceptor
atom in (°). The ‘OD’, ‘ND’ and ‘OE’ refer to ‘O delta’, ‘N
delta’ and ‘O epsilon’, respectively.
a The data was measured as the docking of the sugar molecule
in the combination site of protein which includes some water
molecules observed in the crystal structure of LOLI-a-methyl-
D-mannoside complex.
b DE=E(P.L)−E(P)−E(L): E(P.L) represents the potential en-
ergy of the complex, E(P) and E(L) represent the potential
energy for protein and ligand, respectively.
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Table 4
Comparison of the possible hydrogen bonding between
monosaccharide (Gal, GalNAc and Man) in the structure
PSL-sugar complexes

Gal ManGroup

HD22 Asn 125O2
(2.4; 148)

O2H
HN Gly 99 (2.4; 171)HN Gly 99 (2.3;O3

134)
OD1 Asp 81 (1.9;O3H
162)

O4 HN Ala 217 (2.6; HD22 Asn 125 (2.3;
137) 152)

O4H OD2 Asp 81 (1.8; OD1 Asp 81 (1.8;
153)159)
OD2 Asp 81 (2.3;
125)
HN Ala 217 (2.2;O5
146)
HN Ala 217 (2.1;O6
130)
HN Glu 218 (2.1;
165)

O6H OE2 Glu 218 (1.7; OD2 Asp 81 (1.7;
166) 163)

Docking
452387Scorea

DEb (kcal/ −26.13−22.68
mol)

In parentheses the distance between the hydrogen and the
acceptor atom is given in Å, followed by the angle between
the hydrogen donor atom, the hydrogen and the acceptor
atom in (°). The ‘OD’, ‘ND’ and ‘OE’ refer to ‘O delta’, ‘N
delta’ and ‘O epsilon’, respectively.
a The data was measured as the docking of the sugar molecule
in the combination site of protein which includes one water
molecule observed in the crystal structure of LOLI-triman-
noside complex.
b DE=E(P.L)−E(P)−E(L): E(P.L) represents the potential en-
ergy of the complex, E(P) and E(L) represent the potential
energy for protein and ligand, respectively.

charides differ. In Man the hydroxyl group at C-2
atom is in axial orientation, whereas in Gal the
hydroxyl group at C-4 atom is in axial orientation.
In the solid state, the –CH2OH group in Gal
favors gt/tg/gg conformations in the ratio of
58:34:8 [18]. Same is true in solution also. But in
the complexes with the legume lectins it favors
only the gt conformation. It can be seen with the
help of models, that when –CH2OH group favors
a gt conformation a hydrophobic patch is created
at the edge of Gal constituting the groups C–3H,
C–4H, C–5H, and C–6H2. On the contrary, the
–CH2OH group in Man favors gg/gt/tg confor-
mations in the ratio of 60:40:0 in the solid state as
well as in solution, but in the complexes with the
legume lectins it favors a gg conformation to
create a hydrophobic patch below the pyranose
ring by C–5H and C–6H2 groups. When Man or
Gal is docked in the monosaccaride binding site,
the hydrophobic patch created by the specific ori-
entation of the –CH2OH group always places
above the aromatic residue (Phe or Tyr) to have
favorable hydrophobic interactions. The C6–OH
hydroxyl group also forms hydrogen bonds with
the lectin. In the case of Man/Glc binding proteins
(LOLI and PSL) the gg conformation of –CH2OH
group is also essential for the invariant Asp in
loop A to form bidentate hydrogen bonds. The
length of the fragment that interacts with the
lectin is longer when –CH2OH group favors a gt
conformation than gg conformation. Since it fa-
vors gt and gg conformations in Gal and Man,
respectively, the former requires a bigger binding
site than the latter. These results suggest that
CH2OH group is a dominant recognition
determinant.

2.5. Specificity of legume lectins

When a specific sugar binds at the monosaccha-
ride binding site of lectin, e.g. Gal to EcorL/PNA
or Man to LOLI/PSL, it is held by the hydrogen
bonds with the amino acids from all the four loops
of the lectin. On the other hand, when a less
specific monosaccharide is placed in the binding
site, e.g. Man in the monosaccharide binding site
of EcorL or PNA, one of the hydrogen bonds is
weakened or lost (Gly107 in EcorL or Asp80 in
PNA) resulting in weak binding (Tables 1 and 2).
Similarly when Gal is placed in the monosaccha-
ride binding site of LOLI, –CH2OH group forms

plex suggesting that lectins bind strongly to Man
than Gal. This is in agreement with the specificities
of LOLI and PSL for Man.

2.4. Importance of the orientation of –CH2OH
group

The pyranose ring of Gal and Man favors the
4C1 conformation both in solution and solid state.
However, the orientation of the hydroxyl groups
at C-2 and C-4, and also the preferred orientations
of the hydroxymethyl group, in the two monosac-
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Fig. 10. The superimposition of the carbohydrate binding region of EcorL and PSL complex with sugars; EcorL (blue)-Gal (green)
and PSL (pink)-Gal (red).
Fig. 11. The superimposition of the loop B and D of EcorL, PNA, LOLI and PSL. EcorL is shown in orange, LOLI in blue, PNA
in green and PSL in red. The arrow indicates the position of Ala 218 in EcorL sequence numbering.

a hydrogen bond with the side chain of Glu 211
(Glu 218 in PSL) instead of with NH of Ala 210
(Ala 217 in PSL) (Tables 3 and 4). It is also
interesting to note that Gal binds almost at the

same position and in the same orientation at the
sugar binding site (Fig. 10) independent of the
specificity of the lectin (EcorL or LOLI/PSL). It
also forms similar hydrogen bonds except with one
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of the amino acid residues in loop D. This is not
surprising since several residues occupy nearly
identical positions at the sugar binding site inde-
pendent of the specificity of the lectin: the residue
Asp in loop A that forms bidentate hydrogen
bonds with C3–OH and C4–OH hydroxyl groups
of Gal, the aromatic residue (Phe or Tyr) from
loop C which stacks against the hydrophobic face
of the Gal, and Asn also from loop C forms a
hydrogen bond with C3–OH hydroxyl group. Su-
perposition of binding site residues (Fig. 1) do
reveal that at the loop D small deviations occur
near Ala 218 in EcorL (Ala 210 in LOLI and Ala
217 in PSL). Though these differences are small,
but they increase the distance between C6–OH
hydroxyl and NH Ala 210 in LOLI/PSL to about
3.2 Å leading to weak interaction. On the other
hand because of the sharp turn after Ala 210 in
LOLI, the deviations in the position of Glu 211
and Gln 219 (in EcorL) are more significant. But
the side chains of these residues favor positions on
either side of the C6–OH hydroxyl group and
within the hydrogen bonding distance. The super-
position of EcorL-Man and LOLI/PSL-Man com-
plexes suggest that Man in the binding site of
EcorL moves slightly towards loop D to retain the
hydrogen bond between NH Ala 218 and C6–OH
hydroxyl group, but loses the hydrogen bond with
the NH of the invariant Gly107. Due to significant
conformational change at Gln 219, the hydrogen
bond between C6–OH hydroxyl group and NH
Gln 219 (the equivalent of C6–OH and NH Glu
211 in LOLI) is not possible. Instead the side
chain of Gln 219 forms a hydrogen bond with O-5
atom of the sugar. It thus seems that subtle varia-
tions in the conformation of loop D seems to
control the specificity of lectins to C-4 epimers. Of
the two lectins, EcorL and PNA, the former binds
to both Gal and GalNAc while the latter binds
only to Gal. Since both Gal and GalNAc occupy
nearly the same position near the D loop (as
revealed in docking studies), the differences in
their interactions with PNA and EcorL is not due
to the difference in the length of the loop D, but
due to the presence of Ile in loop B of PNA. Also
in SBA-GalNAc complex, N-acetamido group of
GalNAc interacts with Tyr 107 in loop B and Asn
130 in loop C. It thus seems that the binding of
sugar to lectin may also be effected by the varia-
tions at loop B, since Asn from loop C instead of
interacting with C2–OH or C3–OH now interacts

with N-acetamindo group.
The variations in the conformation of the pep-

tide fragment observed at loops B or D might
have originated from the difference in the size of
the sequence and also the location of gaps in these
loops as they connect the similar structural ele-
ments in these lectins. Structure based sequence
alignment of the amino acids of EcorL, PNA,
LOLI and PSL shows that gaps are present at all
the four loops, but they are more significant at
loops B and D (Fig. 1). At loop B, the size of the
gap is equal in all the lectins, but it appears at
different locations, at least three residues away
from the invariant Gly. This seems to affect the
conformation of the loop B differently and hence
its interaction with the sugar (Fig. 11). On the
other hand, in loop D, not only the size of the gap
is different in different lectins, but the location of
gap leads to drastic difference in the conformation
of loop D at the end of the binding edge (after Ala
218 in EcorL numbering) that is involved in hy-
drogen bonding with the sugar. However, subtle
variations have also taken place at Ala 218 in loop
D, which affects the hydrogen bonding involved
with the backbone—NH of the peptide chain.
This perhaps explains the observed difference in
hydrogen bonding between sugar and the equiva-
lent amino acid residues of loop D when the same
sugar (e.g. Gal) is placed at the sugar binding site
in different lectins. It thus seems that the location
and size of the gaps seem to influence the confor-
mation of the loop, and hence the specificity of the
lectin.

Four of the invariant residues Asp in loop A,
Gly in loop B, Asn, and an aromatic residue in
loop C occupy nearly identical positions in the
three dimensional structures of these lectins. It is
thus interesting to note that usually when the
specific sugar binds in the monosaccharide binding
site of lectin, the sugar is held at both ends by the
amino acid residues at loops B and D, except in
the case of PNA where the –CH2OH group is also
held tightly by Asp 80 in loop A. These hydrogen
bonds are disrupted when a nonspecific sugar is
placed at the monosaccharide binding site, but
interactions with the invariant residues, Asp in
loop A, Asn and the aromatic residue Phe/Tyr in
loop C, are retained independent of the configura-
tion of sugar at C-4 atom. Once the sugar is
recognized/held by this site, the amino acid
residues in loops B and D/A hold the sugar tightly
on either side of the binding site. Loss of these
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interactions lead to weak bindings. Since Gly in
loop B is invariant, variations in conformation
and sequence of loop D (A in the case of PNA)
seem to control the specificity of these lectins.
However, variations at other loops also affects the
specificity of the ligand which differ at other car-
bon atoms, e.g. at C-2 as is found in the docking
studies of GalNAc.

In conclusion, in legume lectins, independent of
their sugar specificity, the invariant amio acid
residues Asp in loop A, Asn and an aromatic
residue in loop C provide the necessary architec-
ture to recognize and interact with the sugar hav-
ing galacto or gluco (manno) configuration at C-4
atom. The invariant residue Gly in loop B together
with one/two residues in the highly variable loop
D (or loop A in PNA) holds the sugar tightly at
either ends of the monosaccharide binding site.
Loss of hydrogen bonds at either of these places
leads to the formation of weak or no complex.
Lastly, specific orientation of the –CH2OH group,
(i.e. tg in Gal and gg in Man) that directs the
hydrophobic patch in the sugar to interact with
the aromatic residue and form hydrogen bonds at
the binding sites seem to be a dominant recogni-
tion determinant. Thus, the present docking stud-
ies provide the structural basis for the
understanding of lectin carbohydrate interactions.
These studies may also help to design/engineer
proteins of desired carbohydrate specificity.

2.6. Computational methods

All model building, docking and energy mini-
mization studies were performed on a Silicon
Graphics Octane workstation equipped with a
stereo graphic facility and Cray J916 Parallel vec-
tor supercomputer using InsightII ver. 95.6/Dis-
cover ver. 2.97 with AMBER force field (Biosym
Technologies, San Diego). The docking calcula-
tions were accomplished by Docking module of
InsightII. Docking of new ligands into the binding
site was carried out by superimposing selected
atoms from the new ligand onto the corresponding
atoms from the ligand of the complex in crystal
structure, and the new complex was then energy—
minimized to refine the interaction of new ligand
with protein. The monosaccharides (Man, Gal and
GalNAc), with 4C1 ring conformation, were ini-
tially placed in the combining site of legume
lectins in an orientation such that it interacts at

least with four of the invariant amino acids Asp,
Gly, Asn and Phe (Tyr). The structure of complex
was energy- minimized by 100 steps of steepest
descent (with cross-terms turned off), followed by
conjugate gradient interaction steps until the root
mean square deviation (rmsd) was less than 0.01
kcal/mol. During this study, Ca2+ and Mn2+

were restricted with a distance about 4.5 (Å) and a
dielectric constant of 4 (o=4 ·g) was used
throughout the entire study.

The docking score of sugar at the binding sites
of the lectins was carried out using the Ligand–
Design program interfaced with InsightII. The
scoring functions relied on shape complementar-
ity, and take into account both the area of contact
and the hydrogen bonding interactions between
the ligand and the protein [20]. The binding energy
between the ligand and the protein has been con-
sidered as the interaction energy (DE) from the
minimized structures of complexed and separated
forms. DE=E(P.L)−E(P)−E(L); E(P.L); E(P.L) repre-
sents the potential energy of the sugar-protein
complex, E(P) and E(L) represent the potential en-
ergy for protein and ligand, respectively.
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